In the quest to make metallic hydrogen at low temperatures a rich number of new phases have been found and the highest pressure ones have somewhat flat phase lines, around room temperature. We have studied hydrogen to static pressures of 421 ± 13 GPa in a diamond anvil cell and down to liquid helium temperatures, using infrared spectroscopy. We report a new phase at a pressure of ! 356 ±13 GPa and T=5 K.
Static experiments to well over 300 GPa have failed to reveal MH [8] [9] [10] [11] [12] . Below, we briefly review advances in the study of hydrogen and its isotopes ( and ; tritium is radioactive and not studied) and then present our studies to 421 GPa and the observation of a new phase.
There have been important developments in the experimental and theoretical phase diagram of hydrogen, shown in Fig. 1 , where we see a large predicted region (grey) for liquid atomic metallic hydrogen. Although we are confident that MH will exist at ultra high pressures, it is not clear that it will be solid or liquid (as indicated in the figure) in the low temperature limit. In this phase diagram a maximum in the melting line was predicted with an extrapolation to low temperature at high pressure [13, 14] . The solid part of the red line is a fit to existing experimental data, in fairly good agreement with the theoretical curve; the maximum in the curve was first observed by Deemyad and Silvera [15] , and confirmed by a number of other measurements [16] [17] [18] [19] . The experimentally observed solid phases are shown at low to modest pressures; four phases have been identified along this pathway, named I, II, III [20] [21] [22] , and IV [10, 11] (more phases shall be shown ahead). These phases represent structural changes characterized by orientational-order of the molecules in which the solid remains insulating. We also show the phase line for the Plasma Phase Transition (PPT), a first-order phase transition from insulating liquid-molecular to liquidatomic MH. Recently metallic hydrogen was observed experimentally at static pressures in a diamond anvil cell (DAC) [23] , by heating hydrogen to cross the phase line of the PPT, with evidence that it is a first-order phase transition. The data points are shown in Fig. 1 . Dynamic shock wave techniques have been used to observe metallic hydrogen or deuterium for periods of 10-100 ns by measuring conductivity or optical properties at high pressures and typically much higher temperatures than those shown for the PPT [24] [25] [26] [27] [28] [29] [30] [31] . However, no evidence of a first-order phase transition has been observed in these measurements, as temperature is difficult to measure and control. In Fig. 1 , the thick blue arrows indicate two Pathways for achieving metallic hydrogen, Pathway I and II. Metallic hydrogen has been achieved along Pathway II, which is easier to achieve at static pressures, as ultra-high pressures are not required. The objective of the current experiment was to traverse Pathway I to the highest pressures at temperatures as low as 5 K. A new phase has been observed, but there is no evidence of MH.
There are two challenges for studying hydrogen at high pressure, besides the strength of the diamond anvils. First, hydrogen is very compressible and the molar volume changes by a factor of ~10 when pressurized to the megabar region so that stable, precision alignment of the DAC is required or the sample blows out of the gasket as pressure is increased. The second challenge arises from hydrogen diffusion. Hydrogen is very reactive and can diffuse into the metallic gasket or diamonds; diamond anvils can embrittle and fail. Diffusion is an activated process and is suppressed at low temperature, but can lead to diamond failure at high P, T and even RT, so we minimize the time spent at elevated temperatures.
Hydrogen was cryogenically loaded using a DAC and cryostat similar to a design described elsewhere [32] . A rhenium gasket confines the sample. Type IIac conic diamonds with 30-micron diameter culet flats were used. At the highest pressures the mean dimension of the sample was 9-10 microns. The diamonds were coated with alumina that acts as a diffusion barrier against hydrogen.
We studied hydrogen by infrared spectroscopy, using a Nicolet Fourier Transform infrared interferometer with a thermal source. Our optical system also enabled Raman scattering on the sample. Pressure was measured at lower pressures using the Ruby scale calibration of Chijioke et al [33] ; from 150 to 350 GPa using the vibron pressure scale of Zha et al [12] (based on the 2010 diamond Raman scale of Akahama and Kawamura [34] ); and for higher pressures we measured the diamond Raman line [34] . T=82 K shown in 2b, identifying a transition to a new phase and the borders of a phase line. As our maximum pressure is approaching the predicted low temperature pressure for metallization [3] we believe that this new phase may precede the transition to metallic hydrogen and name it ! ! H 2 -PRE. We show the extended (from Fig. 1 ) phase diagram of hydrogen along Pathway I in Fig. 3 .
While our letter was under preparation a paper by Eremets, Troyan, and Drozdov (ETD) appeared on the arXiv [35] . Using Raman scattering they detected a new phase (which they call VI) at 360
GPa and T~200 K. The phase was identified by the disappearance of a low frequency Raman mode; they do not show the higher frequency vibron spectra. ETD state that their study is at a preliminary stage and are working on further verification of the new phase. We believe that VI is the same as -PRE, so we tentatively draw a phase line connecting our results to theirs in Fig. 3 .
It is important to note for the discussion ahead that both we and ETD use the same pressure scale (see Fig. 10 of ETD).
There are a number of phases, names of phases, and claims of properties for solid hydrogen that can be confusing; we hope to clear this up here. As a guide to Fig. 3 , we also track these phases and their names in Table I . Phases I, II, and III are well-known and established, so they are omitted from the discussion.
Phases IV and V were first observed (but not named) in Ref. [10] by noting changes in the Raman scattering spectra in hydrogen. This paper also claimed to observe MH, however that claim has not been corroborated [11, 12] , but the new phases were. Later, Howie et al [11] studied phase IV by Raman scattering around RT and named it IV; they also observed a higher pressure phase which they called IV' [36] . We believe that IV' is identical to phase V, so that phases IV' and V are the same. Howie et al [11] claimed that phase IV was mixed molecular-atomic, but there was no evidence of unbound atomic hydrogen in their data. A recent high-pressure study of HD by Dias, Noked, and Silvera (DNS) [37] shows that this claim should be excluded. Zha et al [12, 38] and Loubeyre et al [39] also studied phase IV by infrared spectroscopy and do not mention V or IV'.
The lower pressure phases, II and III, are quantum phase transitions, appearing in the low temperature limit as pressure is increased. On the other hand, Phase IV only appears around RT and has a rather weak pressure dependence, as seen in Fig. 3 . Magdau and Auckland [40] simulated such phases and argued that these transitions are entropy driven, so that they only appear at elevated temperatures. The study of HD by DNS [37] showed that above a threshold pressure, HD dissociates into a mixture of , and . They did not observe a phase similar to IV, but two new high pressure phases named HD-IV* and HD-PRE, with steep phase lines rising from liquid helium temperatures. In this letter on hydrogen we also observe a new phase, with a phase line rising from
low temperature similar to phase lines in HD, so this is not unique in the ultra high-pressure hydrogens.
In a recent paper, Dalladay-Simpson, Howie, and Gregoryanz (DHG) [41] claim to observe a new phase at a pressure of 325 GPa, which they named phase V. This is based, to a large extent, on changes of intensity of Raman modes, which is not a signature of a phase transition. ETD present very nice data (their Fig. 1 ) to complete the I-III phase line, study the IV-IV'-V region, as well as the phase line separating IV and V from phase III, which we show in Fig. 3 . They show (their Fig. 3 ) that phase IV and IV' (or V) have a large pressure range (270-320 GPa) where they coexist and solid hydrogen becomes single phase for higher pressures, phase V. ETD give several plausible reasons that could explain the observations of DHG as being a misinterpretation of data for phase IV'. They do not observe the new phase proposed by DHG, and neither do we in the low temperature IR spectra; however, we did not study hydrogen at room temperature in the IR. (For the new phase DHG used the 2004 pressure scale of Akahama and Kawamura [42] . If we rescale the pressure for DHG to the 2010 scale we get 345 GPa for their claimed new phase, shown in Fig.3) . Thus, the interpretation is that IV' and V are one and the same phase. We provide more evidence of this misinterpretation of data by DHG in our SM. ETD also measure the conductivity of their sample in phase VI/ -PRE, and suggest that it might be metallic. The temperature dependence of the resistance that they measure is not supportive of such an interpretation, as resistance rises with decreasing temperature, while a rigorous test of a metal is to show that the resistance decreases in the low temperature limit.
At the highest pressures our sample was dark in reflected and transmitted light, but we could still see faint transmitted light in the visible (see SM). We were unable to make quantitative measurements of visible transmission, but could measure a spectrum in the IR (see SM). Others have observed darkening of high pressure hydrogen [9] , [43] .
In conclusion we have studied solid hydrogen to the highest pressures yet reported in the literature and to liquid helium temperatures. We observed a new quantum phase transition in hydrogen at a pressure of 356 GPa in the low temperature limit. ETD also observed a new phase in this pressure range at a higher temperature, called phase VI. We believe that -PRE and VI are the same phase at different points on the P,T phase diagram. We, and others, believe that the new phase reported by DHG in Ref. [41] does not exist and among other things, may have been
incorrectly identified due to overlapping phases. Our proposed naming of phases is given in Table   I . Pressure uncertainties may be of order 25 GPa due to use of the diamond scale [44] , but we do not think that this affects the conclusions reached here. Still to be measured in Fig. 3 ECS-0335765. CNS is part of Harvard University.
Point 1. DHG claim that the L2 and L3 modes disappear at 325 GPa. In Fig. S4 we re-plot the pressure dependence of the peaks of the low frequency modes shown in Fig. 3c of DHG. Their reported disappearance of the L 3 mode can be explained by overlap with the strong broad diamond phonon line that starts at 1332 cm -1 (see their Fig. 1a) . In their Fig. 1a , the L 2 mode is observable at pressures as high as 384 GPa (we do not plot this in Fig. S4 ). Thus, their criterion of mode disappearance is not supported. line, thus the mode is hidden rather than disappearing. The black dash-dot line indicates the region where phase V begins to mix with phase IV. We also point out the continuity of the L1 and L2 modes beyond this line. It appears that the low pressure L3 mode is continued by the mode named L4 by DHG as pressure is increased. Thus, the mode identification or naming may be problematic. Point 2. In Fig. S5 we re-plot the pressure dependence of the relative intensity of the ! υ 1 mode in Fig. 2 of DHG. However, we do not see a substantial decrease in intensity of the ! υ 1 vibrational Raman band, but rather a gradual decrease over the measured pressure range. The ! υ 1 mode has a strong overlap with the second-order diamond line that spans the 2300 -2600 cm --1 frequency range. It is not clear how the intensity of the vibron mode is extracted, as the second--order diamond line (their Fig. 7 , extended data) also can have a pressure dependence. We point out that varying mode intensity is not a signature of a phase transition. 
